Introduction {#s0001}
============

Regulation of protein synthesis is a key cellular process which is intimately linked to cellular survival. Cells\' ability to regulate translation is frequently focused on 2 key control points which are shared by virtually all mRNAs -- components of the eIF4F complex and eIF2α. These regulatory points are utilized under normal growth conditions to match the protein output to the cell\'s growth, but also under physiological and pathophysiological conditions, which require adaptive changes in gene expression. Of particular interest is selective mode of translation initiation, which allows complete or partial bypass of the translation control points and is therefore essential for the reprograming of the cellular proteome under stress.[@cit0001] Selective translation is therefore a key mechanism which is required for cellular survival under stress and is used by cells to fine-tune their stress response.[@cit0003]

One example of selective translation is internal ribosome entry. This phenomenon, termed internal initiation, was first observed with RNA viruses (in particular *picornaviridae*) whose RNA is naturally uncapped and yet efficiently translated by the host translation machinery.[@cit0006] Instead of a cap, distinct functional RNA elements, termed IRES (Internal Ribosome Entry Site), precede the protein-coding portion of viral RNA and directly recruit the 40S ribosome to the vicinity of initiation codon. This recruitment can occur in the absence of any other protein factors (as with dicistrovirus intergenic IRES) or with the aid of various combinations of canonical initiation factors (such as eIF4G, eIF3, eIF5, and eIF5B) and auxiliary proteins in case of the remaining viral IRES. (reviewed in [@cit0007]) A small number of cellular mRNAs, in particular those encoding proteins that are key regulators of cell proliferation and survival/apoptosis, were suggested to be translated by this alternative mode of translation. However, and unlike viral IRESes, the molecular mechanism of ribosome recruitment and translation initiation on cellular IRES is virtually unknown.

Given this gap we wished to determine how the ribosome is recruited to a cellular IRES. We used an IRES from an inhibitor of apoptosis, XIAP, which has been extensively characterized for its sequence, structure, and auxiliary factor requirements.[@cit0008] We have used a previously established *in vitro* toeprinting system that faithfully recapitulates formation of the initiation complex on an uncapped XIAP IRES[@cit0015] and found that XIAP IRES uses a virus-like mode of ribosome recruitment in which the eukaryotic initiation factor 3 (eIF3) is recruited directly to the precise structural conformation near the initiating AUG in a poly(A)- and PABP-dependent manner. The canonical initiation factors of the eIF4F complex are not required for the XIAP IRES initiation, thus explaining why XIAP expression is not attenuated during cellular stress.

Results {#s0002}
=======

Conformation of the XIAP IRES is critical for initiation complex formation {#s0002-0001}
--------------------------------------------------------------------------

Translation initiation on XIAP IRES relies on eIF5B when global protein translation is attenuated due to eIF2α phosphorylation.[@cit0015] Using the toeprinting assay we have extensively characterized uncapped XIAP IRES RNA for initiation complex formation in RRL and showed that it can only be formed on either the 5′ cap-containing, or IRES-containing RNAs (Fig. S1A).[@cit0015] Furthermore, XIAP IRES forms initiation complex on the authentic initiation codon AUG[@cit0015] since mutating this codon (SC mutant; AUG to AAG) blocked formation of the initiation complex (Fig. S1B). Interestingly, 2 point mutations in the polypyrimidine tract (PPT) of the XIAP IRES abolished the ability of the IRES to form initiation complex.[@cit0015] We further wished to determine the underlying mechanism of initiation complex formation on the XIAP IRES. We hypothesized that conformation of the IRES is significantly altered by the PPT mutations resulting in an inability of this IRES mutant to support initiation complex formation. In order to verify this hypothesis, we generated additional mutants of the XIAP IRES and determined their ability to form initiation complex in GMP-PNP and ATP treated RRL. We observed that neither the 5′ PPT mutant (~−43~UU~−44~ to ~−43~AA~−44~; [@cit0015]) nor the 3′ PPT mutant (~−1~AA~−2~ to ~−1~UU~−2~) could form initiation complex when used as uncapped RNA ([Fig. 1B](#f0001){ref-type="fig"}). However, these mutants were able to form initiation complex when 5′ cap was incorporated suggesting that they were impaired in the ribosome recruitment step. The double PPT mutant harboring both ~−43~UU~−44~ to ~−43~AA~−44~ and ~−1~AA~−2~ to ~−1~UU~−2~ mutations was able to form initiation complex without the need for 5′ cap ([Fig. 1B](#f0001){ref-type="fig"}). These mutant versions of the XIAP IRES were generated based on the previously published XIAP UTR secondary structure.[@cit0009] Of the note, there is an error (point mutation; ~−8~A to ~−8~C) in the previously published sequence/RNA secondary structure (RSS), which was introduced by erroneously using mouse XIAP sequence as a template for the primer to generate the IRES construct. Additionally, the previous RSS[@cit0009] of the XIAP IRES did not include XIAP coding sequence (CDS), whereas, the XIAP IRES construct used in this study contains 42 NT of XIAP CDS.[@cit0015] Therefore, we anticipated that this XIAP IRES RNA fragment would fold significantly different from the previously determined RSS of the XIAP IRES.[@cit0009] Accordingly, all IRES variants were subjected to selective 2′-hydroxyl acylation analyzed by primer extension (SHAPE) analysis (Fig. S6). Furthermore, using the NMIA reactive sites (Table S3; lowercase NTs in [Figs. 1A, 2A, 4A](#f0001 f0002 f0004){ref-type="fig"} and S3A) of the RNA sequences, in RNASTRUCTURE program,[@cit0020] we have generated RSS models for all the variants of the XIAP IRES ([Fig. 1A](#f0001){ref-type="fig"}). Of note, for both 5′ PPT and 3′ PPT mutations individually, the NMIA reactive sites were significantly altered (Fig. S6 & Table S3) when compared to XIAP IRES RNA and the RSS were distorted ([Fig. 1B](#f0001){ref-type="fig"}). However, combination of both mutations restored the secondary structure of XIAP IRES RNA ([Fig. 1B](#f0001){ref-type="fig"}) and the NMIA reactive sites were comparable to that of the XIAP IRES RNA (Fig. S6 and Table S3). These data strongly suggest that the conformation of the XIAP IRES RNA is critical for the formation of initiation complex. In concordance with this model, the NMIA reactive sites of the alternatively spliced 5′ UTR of XIAP (non-IRES UTR), which does not confer IRES activity[@cit0025] or initiation complex formation (Fig. S3), is significantly different from the XIAP IRES (Fig. S6G & Table S3) and it folds into a significantly different conformation from the XIAP IRES UTR. Figure 1.Conformation of XIAP IRES RNA is critical for initiation complex formation. (A) Schematic diagram of RNA conformation of XIAP IRES RNA and its mutated versions as revealed by N-methylisotoic anhydride (NMIA) probing. Initiation AUG codon is boxed; mutated bases are indicated by asterisks. (B) Capped and un-capped versions of wildtype and mutated XIAP IRES RNA (5′ PPT mutant (panel A) in which the indicated UU was mutated to AA; 3′ PPT mutant (panel A) in which the indicated AA was mutated to UU; PPT double mutant (panel A) in which the indicated UU was mutated to AA and the indicated AA was mutated to UU) were subjected to toeprinting analysis in RRL. While the individual PPT mutations abolished the ability of XIAP IRES to form initiation complex the double mutant that restores XIAP IRES RNA conformation was able to form initiation complex.

XIAP coding sequence takes part in ribosome recruitment and the local conformation of RNA in the vicinity of AUG is critical for initiation complex formation {#s0002-0002}
-------------------------------------------------------------------------------------------------------------------------------------------------------------

Having established the importance of proper secondary structure of the XIAP IRES for initiation complex formation we wanted to define the minimal region of the XIAP IRES that is required for ribosome recruitment. We generated progressive deletions of the XIAP IRES ([Fig. 2A](#f0002){ref-type="fig"}) and determined their ability to form initiation complex. The ability of truncated versions of the XIAP IRES (−103, −83, −61, −49, −44, −38 and −33) to form initiation complex remained unaffected ([Fig. 2B](#f0002){ref-type="fig"}). Further truncations (−14, +1 & +4) significantly decreased the ability to form initiation complex. Removal of AUG (truncation +4) completely abolished initiation complex formation in accordance with our previous observation.[@cit0015] Additionally, mutating the initiation codon AUG to AAG in either the full length or truncated (−33) variant of the IRES resulted in the loss of initiation complex formation (Fig. S1B). As these observations suggest that only 33 NT upstream of AUG are sufficient to form initiation complex, they prompted us to investigate the putative role of the XIAP coding region in ribosome recruitment and initiation complex formation. We thus generated 2 RNA chimeras ([Fig. 3A](#f0003){ref-type="fig"}), which contained either 33 nucleotides of XIAP 5′ UTR and 42 nucleotides of GAPDH coding region (RNA chimera A), or 33 nucleotides of GAPDH 5′ UTR and 42 nucleotides of XIAP coding region (RNA chimera B), and tested their ability to support initiation complex formation. Unexpectedly, RNA chimera A did not form initiation complex while the RNA chimera B did ([Fig. 3A](#f0003){ref-type="fig"}). In order to test the translational competence of chimera B we performed additional toeprinting assay in GMP-PNP or GTP treated RRL and determined the distribution of fluorescence intensity of the leading edge toeprints as described.[@cit0015] The fluorescence intensity distribution of either variant of the XIAP IRES (17≥18\>19) was consistent with the formation of 48S initiation complex ([Fig. 3B](#f0003){ref-type="fig"}, left and middle panel). Furthermore, in GTP-treated RRL the fluorescence intensity distribution shifted (17\<18\>19) which is indicative of 80S initiation complex formation.[@cit0015] In contrast, the RNA chimera B remained insensitive to GTP treatment and formed 48S initiation complex (fluorescence intensity 17\<18\>19) both in GMP-PNP and GTP treated RRL. This suggests that while the sequences within the XIAP coding region are needed for the formation of the initiation complex, this complex is not translation competent. Figure 2.Determination of minimal ribosome recruiting cis-element of XIAP IRES RNA. (A) Schematic of truncated versions of XIAP 5′ UTR that were generated to map the ribosome recruitment site on XIAP RNA. Arrows and numbers indicate positions of truncations. Initiation AUG codon is boxed. (B) Truncated versions of XIAP 5′ UTR were subjected to toeprinting assay in GMP-PNP treated RRL. Ability of XIAP IRES RNA to form initiation complex was not affected significantly when 67, 87, 109, 121, 126, 132 and 137 NT were truncated starting from 5′ end (−170, −103, −83, −61, −49, −44, −38 and −33 respectively). However, larger truncations of 156 and 170 NT (−14 and +1 respectively) lead to the decreased ability of XIAP IRES to form initiation complex. Figure 3.XIAP coding sequence takes part in ribosome recruitment, but the 3′ end of XIAP 5′ UTR (33NT) is required for translation competent initiation complex formation on AUG. (A) Schematic (top) of the RNA chimeras used in toeprinting assays (bottom). RNA chimera containing 33 NT of XIAP 5′ UTR and 42 NT of GAPDH coding sequence (RNA chimera A) was not able to form initiation complex. However, RNA chimera containing 33 NT of GAPDH 5′ UTR and 42 NT of XIAP coding sequence (RNA chimera B) formed initiation complex. (B) Toeprinting assays were performed in RRL pretreated with GMP-PNP or GTP. The distribution of fluorescence intensity of 40S leading edge toeprints are indicated on the top of each lane. 48S and 80S initiation complexes were differentiated as described (15,26). XIAP IRES RNA (−170; [Fig. 2](#f0002){ref-type="fig"}) (left panel) and its truncated version (−33; [Fig. 2](#f0002){ref-type="fig"}) (middle panel) were able to form 80S initiation complex in GTP treated RRL. However, RNA chimera B (right panel) did not form 80S initiation complex in GTP treated RRL.

These observations raised a concern about the reliability of using published XIAP IRES bicistronic reporter construct, in which the XIAP coding region is replaced with that of chloramphenicol acetyl transferase (CAT) gene.[@cit0027] In order to address this concern, we generated an RNA chimera in which the XIAP coding region was replaced with that of CAT (−33 CAT version), and used it to perform toeprinting assay in RRL. In contrast to the −33 version of XIAP IRES ([Fig. 2](#f0002){ref-type="fig"}), the uncapped −33 CAT RNA chimera did not form initiation complex, whereas the capped version of −33 CAT RNA chimera did (Fig. S2A). However, CAT. RNA chimera containing longer (170 NT) XIAP IRES, which mimics the sequence composition of the bicistronic mRNA, formed initiation complex in RRL without the requirement for 5′ cap (Fig. S2B). These data suggest that the full length XIAP IRES UTR makes the RNA conformation permissive for ribosome recruitment and initiation complex formation (in a toeprinting assay) possibly by affecting the local RNA conformation in the vicinity of AUG. Furthermore, inclusion of 42 NT XIAP CDS in the bi-cistronic reporter construct (upstream of CAT CDS) had no significant effect on the XIAP IRES activity (Fig. S2C). Of note, XIAP IRES deletions in the context of the bicistronic construct further support this possibility since the truncations extending past the 100 nucleotides of the 5′ UTR impaired the IRES activity.[@cit0008] Furthermore, RNAs consisting of the XIAP non-IRES UTR with 42 nucleotides of XIAP coding region (Fig. S3), or the 5′ and 3′ PPT mutants ([Fig. 1](#f0001){ref-type="fig"}), which fold differently from XIAP IRES (in particular in the vicinity of AUG) did not support initiation complex formation. This evidence, collectively with the XIAP-CAT RNA chimera data suggest that local conformation of the RNA in the vicinity of AUG determines the ability of RNA to recruit ribosome and to form translationally competent initiation complex.

In order to validate this model, we first obtained the NMIA reactive sites (Fig. S6E & Table S3) and modeled RSS −33 XIAP IRES RNA ([Fig. 4A](#f0004){ref-type="fig"}) using RNASTRUCTURE program.[@cit0020] Subsequently, we mutated ~40~CC~41~ to ~40~GG~41~ to generate −33 XIAP IRES RNA CDS mutant with altered RNA conformation in the vicinity of AUG, as confirmed by the NMIA reactive sites and RSS model ([Fig. 4A](#f0004){ref-type="fig"}, S6F & Table S3). Importantly, this mutant did not support initiation complex formation, in contrast to its parental variant ([Fig. 4B](#f0004){ref-type="fig"}). This observation strongly suggests that local RNA conformation in the vicinity of AUG is critical and makes RNA either permissive or non-permissive for ribosome recruitment and initiation complex formation. This is similar to most viral IRESes which recruit ribosome within the 3′ border of the IRES (in the vicinity of AUG).[@cit0028] In addition, published data for viral IRESes clearly suggests that disruptions of RNA conformation around AUG adversely affect ribosome positioning and translation efficiency.[@cit0023] Here for the first time we show that, similar to viral IRES, cellular IRES also function in a RNA structure-dependent manner. Figure 4.Conformation of minimal ribosome recruiting cis-element of XIAP IRES RNA is critical for initiation complex formation. (A) RNA conformation of −33 XIAP IRES RNA and its mutated versions as revealed by NMIA probing. Initiation AUG codon is boxed. Mutated bases (CC to GG) are indicated by asterisks. (B) WT and mutant versions of the −33 XIAP IRES RNA were subjected to toeprinting assay in RRL. Two point mutations in XIAP CDS which distorted RNA conformation of −33 XIAP IRES RNA also abolished its ability to form initiation complex formation.

Ribosome is placed in the vicinity of AUG via poly(A) tail to form initiation complex on the IRES {#s0002-0003}
-------------------------------------------------------------------------------------------------

Formation of the initiation complex on the XIAP IRES RNA requires polyA tail,[@cit0015] but the involvement of PABP or other eIFs in this process remains unknown. To address this requirement, first we performed toeprinting assays in RRL using XIAP IRES RNA with and without poly(A) tail. For comparison we performed toeprinting assays using Cricket Paralysis Virus (CrPV) IRES, which mimics tRNA structure and can initiate translation without the requirement for eIF4F and eIF2 by docking directly into the ribosome.[@cit0023] As expected, CrPV IRES RNA formed initiation complex in RRL in a poly(A) tail independent manner ([Fig. 5A](#f0005){ref-type="fig"}, right panel). In contrast, removal of the fifty-one thymidine residues poly(A) tail blocked initiation complex formation on the XIAP IRES RNA ([Fig 5A](#f0005){ref-type="fig"}, left panel). Similarly, Thoma et al.,[@cit0031] have reported that BiP and c-myc IRESes require poly(A) tail for translation initiation. However, these IRESes form initiation complex in a poly(A) binding protein 1 (PABP)-independent manner.[@cit0031] Accordingly, we sought to determine if PABP is needed for ribosome recruitment and initiation complex formation on the XIAP IRES we used PABP-interacting protein 2 (PAIP2) to render PABP inactive, and performed toeprinting assay using both XIAP IRES RNA and CrPV IRES RNA. PAIP2 interacts directly with PABP and masks its poly(A) binding sites, and was shown to inhibit translation of poly(A) tailed RNAs in RRL by PABP sequestration.[@cit0021] XIAP IRES initiation complex formation was inhibited in GST-PAIP2 supplemented RRL but remained unaffected in GST treated RRL ([Fig. 5B](#f0005){ref-type="fig"}, left panel). In contrast, CrPV IRES initiation complex formation was resistant to GST-PAIP2 treatment ([Fig. 5B](#f0005){ref-type="fig"}, right panel). These data demonstrate that, unlike BiP and c-myc IRESes, both poly(A) tail and PABP are essential for the initiation complex formation on the XIAP IRES. Figure 5.Poly(A) tail dependent initiation complex formation on XIAP IRES. (A) The ability of XIAP IRES RNA to form initiation complex was impaired in the absence of a poly(A) tail (left panel). However, the ability of CrPV IRES RNA, which mimics tRNA structure and directly binds to 40S ribosomal subunit, was unaffected in the absence of poly(A) tail (B) PAIP2, which destabilizes the interaction of PABP with poly(A) tail, impairs the ability of poly(A) tailed XIAP IRES RNA to form initiation complex. In contrast, the ability of CrPV IRES RNA to form initiation complex remained unaffected in PAIP2 supplemented RRL. (C) The activity of eIF4A is not required for XIAP IRES initiation complex formation. Initiation complex formation was inhibited by Pateamine A on capped non-IRES RNA (right panel). In contrast, XIAP IRES initiation complex formation remained unaffected in Pateamine A treated RRL (left panel).

Typical eukaryotic mRNA contains 5′-end cap structure which facilitates translation initiation by binding to eIF4F complex (consisting of eIF4E, eIF4G and eIF4A). The helicase activity of eIF4A helps ribosome in scanning through the structured UTRs to locate authentic AUG.[@cit0032] We have previously shown that initiation complex formation on the XIAP IRES is not inhibited by hippuristanol, an eIF4A-specific ATPase inhibitor.[@cit0015] Pateamine A is a small chemical molecule which sequesters eIF4A and prevents it from participating in ribosome recruitment step. Treatment with Pateamine A inhibited cap-dependent translation initiation of GAPDH ([Fig. 5C](#f0005){ref-type="fig"}, right panel), while the XIAP IRES initiation complex formation remained unaffected ([Fig. 5C](#f0005){ref-type="fig"}, left panel). As hippuristanol and Pateamine A inhibit both eIF4A1 and eIF4A2, these data suggest that neither eIF4A1 nor eIF4A2 *per se*, nor their helicase activity are required for translation initiation on the XIAP IRES. Additionally, we have shown that only 33 NT upstream of AUG is sufficient to support formation of translation competent initiation complex on the XIAP IRES and that RNA conformation in the vicinity of AUG is critical for XIAP IRES initiation complex formation. Collectively, these data suggest that, like many viral IRESes, initiation complex formation on the XIAP IRES does not require eIF4A dependent ribosome scanning and the ribosome is likely positioned directly in the vicinity of AUG by a poly(A) tail- and PABP- dependent mechanism.

Ribosome recruitment on the XIAP IRES is directed by eIF3 {#s0002-0004}
---------------------------------------------------------

During cap-dependent translation initiation, the circularization of 5′ capped mRNA, which is an early step of initiation, is mediated by interaction of poly(A) tail bound PABP and 5′ cap associated eIF4G.[@cit0032] This is a critical step of translation initiation which is thought to enhance both the efficiency of translation initiation as well as re-initiation (ribosome turn-over). There are numerous reports which suggest that eIF4G also supports cap-independent translation of both cellular and viral IRESes.[@cit0014] The strict dependence of XIAP IRES-mediated translation initiation on poly(A) tail and PABP prompted us to investigate if eIF4G is involved in initiation complex formation on the XIAP IRES as well. In addition, we wished to determine if any other ribosome associated eIFs interact with uncapped XIAP IRES RNA. To this end we performed XIAP IRES RNA affinity chromatography in S10 HeLa cell lysate as described.[@cit0015] As we expected PABP to bind to all RNA species, the levels of PABP were considered as a reference for protein loading. We observed that eIF2α, a subunit of ternary complex (eIF2-GTP-initiator tRNA), which normally binds to 43S ribosome was not present in the RNP complex formed on XIAP IRES RNA or its truncated version ([Fig. 6A](#f0006){ref-type="fig"}). Similarly, the eIF4E and eIF4A were also not part of the RNP complex assembled on the XIAP IRES RNA or its truncated version ([Fig. 6A](#f0006){ref-type="fig"}) which is in accordance with our hippuristanol and pateamine A data and the absence of cap on the bait RNA ([Fig. 5C](#f0005){ref-type="fig"} and[@cit0015]). In contrast, however, and contrary to our expectations we failed to detect eIF4G in the RNP complexes formed on XIAP IRES RNA ([Fig. 6A](#f0006){ref-type="fig"}). Additionally, immuno-inactivation of eIF4G did not alter the ability of XIAP IRES to form initiation complex in RRL (Fig. S4). Surprisingly, we detected eIF3d associated with XIAP IRES RNA and all its truncated versions ([Fig. 6A](#f0006){ref-type="fig"}). Of note, eIF3d also interacted with +1 and +4 truncated versions which contain only XIAP CDS but no UTR ([Fig. 6A](#f0006){ref-type="fig"}). Figure 6.XIAP IRES RNA-associated initiation factors. (A) Streptomycin-RNA affinity chromatography was performed using uncapped truncated versions of XIAP IRES RNA as described (15). Effluents obtained from the streptomycin column were subjected to western blot analysis with indicated antibodies. (B) Streptomycin-RNA affinity chromatography was performed using poly(A) tailed and non-poly(A) tailed versions of XIAP IRES RNA and CrPV IRES RNA. Effluents obtained from the streptomycin column were subjected to protein gel blot analysis with indicated antibodies.

Two observations, namely the strong dependence of XIAP IRES initiation complex formation on PABP and the presence of eIF3d in XIAP IRES RNP complex, prompted us to investigate if PABP and eIF3 work in synergy to form XIAP IRES initiation complex. To this end we performed RNA affinity chromatography in the presence or absence of poly(A) tail. In addition, we used the CrPV IRES RNA, with or without the polyA tail as a negative control. A general RNA binding protein YB-1 was used as a loading control.[@cit0037] As expected, we did not detect eIF4A, eIF4G or eIF4E in the RNP complex formed on either CrPV IRES or −33 XIAP IRES RNAs. Additionally, eIF3d interacted more profoundly with −33 XIAP IRES RNA than CrPV IRES RNA ([Fig. 6B](#f0006){ref-type="fig"}). As expected, more PABP bound to the poly(A)-tailed than to non-poly(A)-tailed RNAs. Importantly, the binding of eIF3d to −33 XIAP IRES RNA was significantly decreased in the absence of polyA tail. These data suggest that PABP enhances the recruitment of eIF3d to the XIAP IRES.

We further wished to determine if there is a direct interaction between eIF3 and XIAP IRES RNA. To this end we performed gel mobility shift assay in native condition using purified eIF3. [@cit0032]P labeled XIAP (wild type or PPT mutant) or CrPV IRES RNAs, were incubated with purified human eIF3 complex.[@cit0022] We observed that the mobility of eIF3-XIAP IRES RNA complex was retarded on the agarose gel suggesting that eIF3 (or its subunits) interacted directly with the XIAP IRES ([Fig. 7A](#f0007){ref-type="fig"}). eIF3 failed to retard mobility of the CrPV IRES ([Fig. 7A](#f0007){ref-type="fig"}). In contrast to XIAP IRES RNA, and in an agreement with our model, translationally incompetent XIAP IRES PPT mutant did not interact with eIF3 ([Fig. 7A](#f0007){ref-type="fig"}). These observations suggest that eIF3, which normally interacts with 40S ribosome, likely bridges ribosome directly to XIAP IRES RNA in the vicinity of AUG without the need for eIF4F complex. In this case eIF3 acts as a scaffolding protein complex, instead of eIF4G, which together with PABP recruits ribosome to the 3′ border of XIAP IRES RNA. Figure 7.eIF3, the scaffolding protein, recruits ribosome on XIAP IRES RNA. (A) The ability of purified human eIF3 complex to bind XIAP IRES RNA was tested by electromobility shift assay in native conditions. eIF3 complex binds directly to the XIAP IRES RNA. In contrast, PPT mutant and CrPV IRES were unable to bind to eIF3 complex. (B) 40S ribosome subunits (salt non-washed) were purified, with its associated protein factors, from HeLa cells. Western blot analysis was performed to detect the presence of 40S associated proteins. (C) The ability of purified 40S ribosomal subunits was tested by electromobility shift assay. While the XIAP IRES RNA was able to bind to 40S subunit, the non-functional PPT mutant was unable to bind to 40S subunit. (D) The interaction between XIAP IRES RNA and 40S subunit was further characterized by toeprinting analysis.

We further wished to determine if the purified 40S ribosome, along with ribosome-associated initiation factors including eIF3, is recruited on the XIAP IRES. To this end we purified 40S ribosome complex from HeLa cells. As expected we did not find eIF4G associated with 40S ribosome complex while all other key eIFs (eIF3, eIF2, eIF4A, eIF1A and PABP) were present in the ribosome preparation ([Fig. 7B](#f0007){ref-type="fig"}). We performed ribosome binding assay using [@cit0032]P labeled CrPV IRES RNA, XIAP IRES RNA and XIAP PPT mutant RNA as described.[@cit0023] As previously published,[@cit0024] CrPV IRES RNA was bound by 40S ribosome complex and its mobility was retarded on the agarose gel ([Fig. 7C](#f0007){ref-type="fig"}). Similarly, the mobility of XIAP IRES RNA was decreased when incubated with 40S ribosome complex suggesting stable RNA-40S complex. However, the translationally incompetent PPT mutant failed to bind to 40S ribosome complex ([Fig. 7C](#f0007){ref-type="fig"}). To further characterize the nature of the ribosome-XIAP IRES interaction we used the toeprinting assay with either RRL or purified 40S. We observed formation of 80S initiation complex on XIAP IRES RNA in GTP and ATP treated RRL. In contrast, since the 40S ribosome preparation is void of the 60S ribosome subunit we did not clearly observe 80S initiation complex toeprints in 40S-XIAP IRES RNA toeprinting assay. However, we obtained several toeprints in the vicinity of AUG which are indicative of ribosome recruitment site on XIAP IRES RNA ([Fig. 7D](#f0007){ref-type="fig"}). These observations strongly suggest that eIF3 potentiates ribosome recruitment in the 3′ border of XIAP IRES RNA. Furthermore, eIF3 and PABP act together for ribosome recruitment and initiation complex formation on XIAP IRES RNA. These observations also suggest that translation initiation on XIAP IRES operates in virus-like mode. This notion is also supported by our previous report showing dependence of XIAP IRES on eIF5B during stress condition.[@cit0015]

Discussion {#s0003}
==========

XIAP, a potent Inhibitor of Apoptosis protein, interacts with the effector caspases to inhibit apoptosis and provides a critical cell survival switch during physiological and pathophysiological stress conditions.[@cit0038] During such stress conditions expression of XIAP is translationally up-regulated *via* an IRES element thus providing survival advantage to cells.[@cit0008] We have previously shown that IRES mediated translation of XIAP relies on eIF5B during eIF2 phophorylation conditions.[@cit0015] However, the mechanism of ribosome recruitment on XIAP IRES during stress conditions remains unclear. In the present study we show that similar to some viral IRESes, XIAP IRES recruits ribosome directly to the vicinity of AUG and the local RNA conformation is crucial for this recruitment. Furthermore, eIF3, with PABP, acts as a scaffolding protein complex which directly interacts with the XIAP IRES RNA to recruit ribosome.

Viral IRESes are classified in 4 different groups based on their structural complexity and their requirement for canonical eIFs and trans-acting factors.[@cit0044] Structural similarity, despite the sequence dissimilarity within the groups of viral IRESes has been observed.[@cit0009] Mutational analyses have clearly shown that intrinsic secondary structure of viral IRESes is critical for ribosome recruitment.[@cit0023] The RNA secondary structures of several cellular IRESes have been determined by enzymatic or chemical probing,[@cit0009] but no structural similarity among cellular IRESes has been reported.[@cit0009] Additionally, mutational analysis of c-myc, Apaf-1 and Bag-1 IRESes has been reported and their ribosome landing cis-elements have been identified.[@cit0051] We have shown previously that 2 point mutations within the polypyrimidine tract of the XIAP IRES (5′ PPT mutant, ~−43~UU~−44~ to ~−43~AA~−44~) rendered it inactive.[@cit0008] Subsequently, using an *in vitro* toeprinting assay we have shown that the very same mutations rendered the XIAP IRES unable to form initiation complex in RRL ([@cit0015] and [Fig. 1](#f0001){ref-type="fig"})). The 5′ PPT mutant or the 3′ PPT mutant (~−1~AA~−2~ to ~−1~UU~−2~) alone distorted the intrinsic XIAP IRES conformation ([Fig. 1B](#f0001){ref-type="fig"}) likely due to a major change in the free nucleotide energy of RNA. This distortion of IRES structure resulted in the inability of the mutant RNAs to form initiation complex. However, when we combined 5′ PPT and 3′ PPT mutations, the RNA regained its intrinsic conformation and supported formation of the initiation complex in RRL ([Fig. 1B](#f0001){ref-type="fig"}). Of note, the alternatively spliced XIAP mRNA variant which does not harbor IRES element in the 5′ UTR folds significantly differently from the XIAP IRES UTR and is non-permissive for initiation complex formation in RRL in the absence of cap (Fig. S3). These data have clearly illustrated that the intrinsic XIAP IRES RNA conformation is critical for initiation complex formation and significant distortions of this conformation make it non-permissive for initiation complex formation. These data are in agreement with reports showing that structural distortions of many viral IRESes (such as HCV, FMDV, EMCV, CSFV or CrPV) render these IRESes inactive.[@cit0024] Additionally, initiation complex formation on an authentic AUG (Fig. S1B) of the RNA containing either 5′ cap (Fig. S1A) or an active IRES element ([Fig. 1B](#f0001){ref-type="fig"}) has shown that the RRL used for toeprinting assay authentically recapitulated translation machinery. These data also suggest that the structural distortion of XIAP IRES affects ribosome recruitment step and the downstream steps of initiation complex formation remain unaltered. We have previously shown that hippuristanol, an eIF4A1 and eIF4A2 specific ATPase inhibitor, does not inhibit initiation complex formation on the XIAP IRES and we hypothesized that eIF4A1 or eIF4A2 dependent ribosome scanning is thus not required to form initiation complex on XIAP IRES RNA.[@cit0015] In the present study we have expanded on this observation and show that pateamine A, an eIF4A1 and eIF4A2 allosteric inhibitor, also does not inhibit translation initiation on the XIAP IRES, but inhibits cap dependent translation initiation on GAPDH mRNA ([Fig. 5C](#f0005){ref-type="fig"}). This observation lends further support to the notion that eIF4As and ATP dependent ribosome scanning is not required for XIAP IRES translation and therefore we have decided to investigate if the ribosome is placed directly to the vicinity of AUG on XIAP IRES RNA, as it is on several viral IRESes. We have previously performed deletion analysis of the XIAP IRES and shown that XIAP IRES activity remained unaffected when a large portion (845 nt) of the 5′ UTR was deleted (to position −162 NT from AUG) but a further deletion of 79 nucleotides (to −83 NT from AUG) resulted in 60% decrease of IRES activity.[@cit0008] In striking contrast, toeprinting analysis performed in the present study showed that deletions up to −33 NT from AUG did not inhibit initiation complex formation on XIAP IRES RNA. Therefore, we investigated if XIAP coding region (CDS) influences initiation complex formation on the XIAP IRES. Similar to pestiviral IRESes,[@cit0060] we have shown that 42 NT of XIAP coding region is involved in initiation complex formation ([Fig. 3A](#f0003){ref-type="fig"}). However, the 33 NT region of the XIAP IRES is required for the formation of translation competent initiation complex ([Fig. 3B](#f0003){ref-type="fig"}). These findings indicate that the minimal ribosome recruitment site on XIAP IRES is comprised of 33 NT of 5′ UTR and 42 NT of XIAP coding region, and the ribosome is recruited directly to the vicinity of AUG. Strikingly, our toeprinting analysis performed on the XIAP-CAT RNA chimeras showed that cap-independent translation initiation was inhibited when the 42 NT coding region of XIAP was replaced with that of CAT. However, this inhibition was relieved when a larger, 170 NT segment of the XIAP 5′ UTR was used with the 42 NT of CAT coding region (Fig. S2). These findings suggest that the full length XIAP IRES UTR in combination with CAT coding region renders the RNA conformation permissive for ribosome recruitment and therefore authenticates the use of XIAP IRES βgal-CAT bicistronic reporter construct.

For viral IRESes it has been shown that intact local structure in the vicinity of initiation codon is critical for ribosome positioning for translation initiation.[@cit0023] By performing mutational analysis in bicistroninc reporter we have shown previously that mutations in stem loop I of XIAP IRES did not alter the IRES activity.[@cit0009] However, these mutations altered only the local RNA conformation in SL-I but failed to induce RNA wide conformational changes, particularly in the vicinity of AUG. In the present study we performed additional structure-function analysis and strategic mutational analysis and show that XIAP mRNA contains an open loop conformation in the vicinity of AUG that is critical for translation initiation on the XIAP IRES ([Fig. 4](#f0004){ref-type="fig"}). Of note, a recent *in vivo* structural analysis of BACE1 mRNA has revealed that an open loop conformation of RNA in the vicinity of AUG is required for efficient translation initiation by a ribosome-shunting mechanism.[@cit0062] Furthermore, *in vivo* genome-wide structural analysis have shown that stress responsive transcripts of *Arabidopsis thaliana* seedlings contain open loop structure in front of initiation codons and this may be responsible for plasticity in their translation regulation, in particular in response to stress.[@cit0063] These data suggest that evolutionary conserved structural features exist, which promote selective translation in response to stress. Future research should be directed toward similar *in vivo* structural analysis of cellular transcripts containing IRES elements which would provide in depth information for the mechanism of cellular IRES-mediated translation regulation.

The canonical eukaryotic initiation factors are well studied for their role in cellular and viral IRES mediated translation regulation.[@cit0064] Extensive evidence to date suggests that eIF3 directly binds to HCV and HCV-like IRESes and aid in the formation of initiation complex,[@cit0066] and that the interaction of eIF3 with these IRESes depends on structural integrity of the IRES.[@cit0058] Here we show that eIF3d interacts directly with the cellular IRES ([Fig. 6A](#f0006){ref-type="fig"}). Additionally, we probed the western blot membrane with eIF3a, c and j subunits. However, due to the much lower sensitivity of antibodies against these subunits (when compared to the eIF3d antibody), we could not detect the presence of these subunits in the RNP complex formed on XIAP IRES RNA (data not shown). Importantly, eIF3 binds directly to XIAP IRES RNA, but not to the 5′ PPT mutant ([Fig. 7A](#f0007){ref-type="fig"}) which has a significantly different RNA conformation. This finding suggests that, like HCV IRES, interaction of eIF3 with XIAP IRES relies on the intrinsic structural conformation of the XIAP IRES RNA. We have further shown that 40S ribosome associated with the key initiation factors, including eIF3, was recruited onto XIAP IRES RNA, but not onto the non-functional 5′ PPT mutant ([Fig. 7](#f0007){ref-type="fig"}). Initiation complex formation on XIAP IRES RNA is poly(A) tail and PABP dependent ([Fig. 5](#f0005){ref-type="fig"}; and [@cit0015]). Additionally, eIF3 and PABP interacts cooperatively with poly(A) tailed XIAP IRES RNA ([Fig. 6B](#f0006){ref-type="fig"}) and act in synergy for ribosome recruitment on XIAP IRES RNA. Interaction between eIF3 and PABP via PAIP1 enhances ribosome recruitment by stabilizing eIF4G-PABP interaction[@cit0068] and we have detected significant amount of PAIP-1 in RRL (Fig. S5). Therefore, we propose that eIF3-PABP-PAIP1 interaction potentiates ribosome recruitment on the XIAP IRES RNA. Based on our findings we suggest the following mechanism of ribosome recruitment on XIAP IRES RNA ([Fig. 8](#f0008){ref-type="fig"}). The key initiation factor eIF3 (or at least some of its subunits) bind/s directly to the XIAP IRES RNA and act/s as a scaffold between RNA, ribosome and PABP. The poly(A) tail bound PABP, likely via PAIP1, interacts with eIF3 to circularize XIAP mRNA. This RNP complex subsequently recruits ribosome on XIAP IRES RNA, positioning it in the vicinity of AUG in an RNA conformation-dependent manner, and allowing for subsequent 48S formation. Figure 8.A proposed model illustrating mechanism of ribosome recruitment on the XIAP IRES. The scaffolding protein factor eIF3 binds directly to the XIAP IRES in an RNA conformation dependent manner. The interaction of eIF3 with PABP, likely via PAIP 1, enables RNA circularization. This RNP complex subsequently facilitates ribosome recruitment to the XIAP IRES RNA in the vicinity of AUG.

Materials and methods {#s0004}
=====================

Constructs {#s0004-0001}
----------

Previously described XIAP IRES construct,[@cit0015] which contains both streptotag-aptamer and a unique toeprint primer binding site, was used in this study. The 5′ PPT mutant, 3′ PPT mutant, PPT double mutant and SC mutants were created by site-directed mutagenesis of the XIAP IRES construct using primers listed in Table S1. GAPDH (102 NT UTR + 44 NT CDS) and XIAP non-IRES UTR (160 NT UTR + 42 NT CDS) construct were generated by replacing XIAP IRES with GAPDH or XIAP non-IRES sequences; CrPV IGR construct was generated by replacing XIAP IRES with CrPV IGR IRES (192 NT IGR IRES + 42 NT CDS; derived from plasmid pEJΔ443, a generous gift from Dr. Eric Jan). All plasmids were verified by restriction digest and sequencing.

In vitro transcription {#s0004-0002}
----------------------

Polymerase chain reaction (PCR) was performed to generate DNA templates for *in vitro* transcription of RNAs for the toeprinting assays and streptomycin affinity chromatography. Synthetic DNA oligos were obtained from IDT for GAPDH-XIAP chimera and −33 CDS mutant which were then cloned into above mentioned toeprinting plasmid. T7 promoter sequence was incorporated in the 5′ primers to allow for RNA synthesis. 51 thymine residues were added to the end of 3′ reverse primer (Table S1) to produce poly-A tailed RNA. *In vitro* transcription was performed using the Megashortscript kit (Ambion) to synthesize un-capped versions of RNA and mMessage mMachine kit (Ambion) was used to generate capped versions of RNA. The newly-synthesized RNA was treated with TurboDNAse (Ambion) and purified by ethanol precipitation.

Toeprinting assay {#s0004-0003}
-----------------

Toeprinting was performed as described[@cit0015] with the following modifications. Briefly, RRL (Green Hectares) was treated with RNAsein (Promega) and GMP-PNP for 5 min at 30°C. Subsequently, RNA, ATP and GTP were added as indicated, and the reactions were incubated at 30°C for further 5 min. The reaction volume was brought to 40 μl by the addition of toeprinting buffer \[20 mM Tris-HCl (pH 7.6), 100 mM KOAc, 2.5 mM Mg(OAc)~2~, 5% (wt/vol) sucrose, 2 mM DTT and 0.5 mM spermidine\] and incubated at 30°C for 3 min. Subsequently, 5 pmol of toeprinting primer (5-CTCGATATGTGCATCTGTA-3; 5′ end-labeled with IRDye™800) was added and reaction was incubated on ice for 10 min. 1 mM dNTPs, 5 mM Mg(OAc)~2~ and 1 μl of avian myeloblastosis virus reverse transcriptase (Promega) were added to the reaction and the final volume was brought to 50 μl by toeprinting buffer. Primer extension was allowed to occur for 45 min at 30°C. The cDNA products were purified by phenol:chloroform extraction and analyzed on a standard 6% sequencing gel using a model 4200 IR2 sequence analyzer (LI-COR, Lincoln, Nebraska, USA). The concentrations of the toeprinting assay components are as follows unless otherwise specified: RRL; 5 or 15 μl (as indicated) GMP-PNP; 1.7 mM, ATP; 1.82 mM, GTP; 1.8 mM, RNA; 800 ng.

RNA-Streptomycin affinity chromatography {#s0004-0004}
----------------------------------------

S10 cytoplasmic lysate from HeLa cells was prepared as described.[@cit0017] Briefly, HeLa-S cells (2 ml packed cell volume (PCV); Biovest International, Tampa, FL, USA) were resuspended in 2 ml of hypotonic buffer \[10 mM Tris-HCl (pH 7.6), 1.5 mM MgCl2, 10 mM KCl, 0.5 mM DTT\] containing EDTA-free protease inhibitor cocktail (Roche) and lysed using dounce homogenizer (30 strokes, pestle B). A mixture of 4 ml of HeLa S10 cytoplasmic lysate and 12 ml binding buffer \[20 mM Tris (pH 7.6), 10 mM MgCl~2~, 120 mM KCl, 8% sucrose, 2 mM DTT\] containing EDTA-free protease inhibitor cocktail (Roche) and ribonuclease inhibitor (Promega) was incubated at 37°C for 10 min. An *in vitro* transcribed, strepto-tagged XIAP IRES RNA or strepto-tagged GAPDH RNA was added to the mixture and further incubated for 10 min at 37°C. RNA-dihydrostreptomycin affinity chromatography was performed as described[@cit0015] and the RNA associated proteins were analyzed using protein gel blot analysis.

Western blot analysis {#s0004-0005}
---------------------

Proteins in equal volumes of affinity chromatography effluents or proteins associated with 700 nM 40S ribosome were resolved by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), transferred to nitrocellulose membranes and probed with antibodies against eIF3d (Abcam, Ab155419), eIF4E (Cell Signaling, \#9742), eIF4A (Cell Signaling, \#2013), eIF2α (Cell Signaling, \#9722), eIF4GI (Cell Signaling, \#2858), PABP (Abcam, Ab21060), eIF1A (Abcam, Ab177939), PAIP-1 (Abcam, Ab175211) or ribosomal protein S6 (Cell Signaling, \#2317). Membranes were then incubated with species-specific horseradish peroxidase-conjugated secondary antibody (Cell Signaling) followed by detection with ECL substrate (Pierce).

RNA structure determination {#s0004-0006}
---------------------------

*In vitro* transcribed RNA was probed with 130 mM N-methylisatoic anhydride (NMIA) following the protocol of Wilkinson et al.[@cit0019] with the modifications published by Baird et al.[@cit0009] NMIA reactive sites were used as constraints in RNASTRUCTURE[@cit0020] to predict the secondary structure of RNA.

Protein purification {#s0004-0007}
--------------------

GST tagged PAIP2 protein was purified as described.[@cit0021] Pgex-6P-Paip2 (GST-PAIP2; a generous gift from Dr. Nahum Sonenberg) was transformed in *Escherichia coli* BL21 competent cells and the production of GST-PAIP2 was induced by addition of 0.5 mM IPTG into the culture broth during mid-logarithmic growth phase. GST-PAIP2 expressing cells were harvested by centrifugation and lysed by ultra-sonication in presence of EDTA-free protease inhibitor cocktail (Roche). GST-PAIP2 protein was captured on GSTrap™ column (GE life sciences) and eluted with step-gradient of reduced glutathione. Effluent fractions were subjected to SDS-PAGE analysis followed by Comassie brilliant blue staining. Homogeneous effluent fraction was dialyzed against binding buffer (20 mM Tris-HCl, pH 7.4, 200 mM KCl, 1% (vol/vol) glycerol and 1 mM DTT) and concentrated using AmiconUltra™ (Millipore). eIF3 was purified and described previously.[@cit0022]

Purification of 40S ribosome subunits {#s0004-0008}
-------------------------------------

S10 cytoplasmic lysate from HeLa cells was prepared as described above. S10 lysate was treated with 1 mM puromycin and 25 mM EDTA first for 10 min on ice followed by 10 min incubation at 30°C. We avoided 0.5M KCl treatment which may strip-off ribosome associated proteins. Ribosomal subunits were separated on 15-40% sucrose gradients (20 mM Tris-HCl, pH 7.4, 100 mM KOAc, 200 mM KCl, 2.5 mM MgCl~2~ and 2 mM DTT) as described.[@cit0023] Ribosomal subunit peaks were monitored by measuring absorbance at 260 nm. Buffer of the isolated 40S was exchanged to toeprinting buffer using AmiconUltra™ (Millipore). The concentration of 40S ribosomal subunit was determined by UV spectrophotometry using the conversion 1 A~260~ = 50 nM 40S ribosome. Association of eIFs with purified 40S was verified by western blot analysis.

Non-denaturing gel mobility shift assay {#s0004-0009}
---------------------------------------

Non-denaturing gel mobility shift assay for eIF3-RNA complex and 40S-RNA complex was performed as described[@cit0023] with a few modifications. Briefly, radiolabeled RNA (10K cpm) was incubated with either 14 nM 40S ribosome or 0.1 μg and 0.2 μg human eIF3 complex for 15 min at 37°C. Non-denaturing agarose gel electrophoresis was performed as described.[@cit0016] Agarose gel was fixed in 30% (vol/vol) methanol and 10% (vol/vol) acetic acid solution for 30 min. Subsequently, the gel was dried on a gel dryer first with vacuum only for 45 min followed by 55°C and 80°C for 45 min each. Mobility shifts were determined by exposing dried gel to X-ray films.
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